Identifying markers for breast cancer is important for both diagnosis and the design of treatment strategies. Recent studies have implicated Paired box 5 (PAX5) as a suppressor in various cancer types, where it is silenced by hypermethylation. However, determining the role of PAX5 in breast cancer requires further study, and the relationship between PAX5 methylation and breast cancer remains unclear. In this study, we found that PAX5 expression was frequently silenced or reduced by methylation in breast cancer cell lines as well as in breast cancer tissues. Restoring expression of PAX5 in breast cancer cells led to tumor suppression through inhibited proliferation and invasion, which resulted from modulation of the cell cycle and altered vascular endothelial growth factor (VEGF) expression. Most importantly, we found that PAX5 methylation status in breast cancer tissues was significantly correlated with patients' age, estrogen receptor (ER) status, progesterone receptor (PR) status, indicating that PAX5 could serve as a marker for breast cancer diagnosis and treatment strategy design.
Introduction
Although the breast cancer cases vary worldwide, it remains the most common cancer as well as the leading cause of cancer-related death in women [1] . Despite progress in the diagnosis and treatment of breast cancer in recent decades, the mechanism of tumorigenesis remains unclear. Tumor suppressor silencing by promoter hypermethylation is thought to play a crucial role in breast cancer tumorigenesis and progression. Tumor suppressors that are silenced by aberrant promoter methylation in early stages of breast cancer progression, such as APC, CDH1, and CTNNB1, can be used as cancer biomarkers to aid in early detection [2] . The identification of novel genes silenced by aberrant promoter hypermethylation can therefore contribute to our understanding of the molecular mechanisms of breast cancer tumorigenesis, providing potential candidates for use in diagnosis and treatment. Our team has previously identified important tumor suppressors that are silenced by methylation in breast cancer [3] [4] [5] .
The Paired box 5 (PAX5) gene, located on chromosome 9p13, belongs to a family of nuclear transcription factors termed the paired box genes, which consists of nine members [6] . PAX5 plays an important role as an activator during B lymphoid cell commitment. It is also known to be a commonly altered gene and target of genetic lesions in B-Cell Precursor Acute Lymphoblastic Leukemia (BCP-ALL) [6] [7] [8] . Previous studies have reported that the deletion of PAX5 in hepatocellular carcinoma [9] , gastric carcinoma [10] and lung cancer [11] is associated with DNA promoter hypermethylation. Frequent aberrant methylation of PAX5 has also been reported in both female and male breast cancers [12] [13] [14] . PAX5 has also been identified as an inhibitor of epithelial-tomesenchymal transition (EMT) progression in breast cancer cells [15, 16] . Recently, Branham et al. reported Ivyspring International Publisher that the methylation state of PAX5 is a strong predictor of BRCAness tumors [17] . However, the relationship between PAX5 methylation and breast cancer, particularly the correlation between PAX5 methylation and the clinical parameters of breast cancer have yet to be determined. In this study, we find that promoter methylation can silence or reduce PAX5 expression in multiple breast cancer cell lines and primary tumors. Further functional studies demonstrated that the ectopic expression of PAX5 leads to tumor suppression via the inhibition of proliferation and invasion, a result of alterations in the cell cycle pathway and the expression of vascular endothelial growth factor (VEGF). These results suggest that PAX5 is a potential tumor suppressor in breast cancer. Most importantly, we find that PAX5 methylation status in breast cancer tissue is significantly correlated with age, estrogen receptor (ER) status, progesterone receptor (PR) status and breast cancer molecular subtype, indicating that PAX5 could be used as a biomarker in breast cancer diagnosis and treatment strategy design.
Materials and Methods

Cell lines, tumor samples and control tissues
Nine breast cancer cell lines (BT549,  MDA-MB-231, MDA-MB-468, MCF-7, SK-BR-3, T47D , YYC-B1, YCC-B3 and ZR-75-1) were examined. All cell lines were maintained at 37°C in RPMI 1640 supplemented with 10% fetal bovine serum (FBS; Gibco, Carlsbad, CA, USA) and 100 U/ml of penicillin and streptomycin. Human breast tissue RNA samples were purchased commercially (Stratagene, La Jolla, CA, USA; Millipore Chemicon, Billerica, MA, USA and BioChain Institute, Hay-ward, CA, USA). Primary breast tumor samples, breast cancer adjacent tissues and breast normal tissues were obtained from the First Affiliated Hospital of Chongqing Medical University. Breast normal tissues were obtained from breast benign lesion tissues and were identified as breast normal tissues by pathologists. All samples were evaluated and histologically classified by pathologists. Clinical data were also collected for the majority of tumor cases. All patients provided informed consent to their participation in this study in order to ensure that their tissues were for research purposes only. Our research was approved by the Institutional Review Board of Chongqing Medical University.
Semi-quantitative RT-PCR analysis
Information about the relationship between PAX5 expression and survival rate of breast cancer patients was extracted from The Cancer Genome Atlas (TCGA) breast cancer database using GEPIA online software.
Total RNA was isolated from cell lines using TRI Reagent (Invitrogen,  Carlsbad,  CA,  USA) . Semi-quantitative RT-PCR was performed as described previously [3] . GAPDH was used as a control. Primer sequences used were as follows: PAX5-F: GTCCATTCCATCAAGTCCTG, PAX5-R: TTGCTGACACAACCATGGCT, GAPDH-F: GGAGT CAACGGATTTGGT, GAPDH-R: GTGATGGGATTT CCATTGAT. RT-PCR was performed with 32 cycles for PAX5, and 23 cycles for GAPDH using Go-Taq (Promega, Madison, WI, USA).
DNA bisulfite treatment and methylation-specific PCR (MSP)
Bisulfite treatment and methylation-specific PCR (MSP) were performed as described previously [11] . Bisulfite-treated DNA was amplified in order to evaluate the methylation status of PAX5 by MSP with primers PAX5-m1 and PAX5-m2 to detect methylated DNA, and PAX5-u1 and PAX5-u2 to detect unmethylated DNA. The methylation-specific primers used were as follows: m1: AAATAAAAA TTCGGTTT GCGTTC, m2: AAACATACGCTTAAAA ATCGCG. The unmethylation -specific primers used were as follows u1: TAAAAATAAAAATTTG GTTTGTGTTT, u2: TTAAAACATACACTTAAAAAT CACA.
5-aza-2-deoxycytidine (Aza) and trichostatin A (TSA) treatment
Cells
were treated with 10 µM 5-aza-2'-deoxycytidine (Aza; Sigma-Aldrich, St. Louis, MO, USA) for 3 days and then treated with 100 nM trichostatin A (TSA; Cayman Chemical Co, Ann Arbor, MI, USA) for an additional 1 day.
Quantitative RT-PCR analysis
Quantitative RT-PCR was performed using a SYBR® Green PCR Master Mix kit (Invitrogen) and the Applied Biosystem 7500 Real-time PCR System (Applied Biosystems, Foster City, CA, USA). Relative expression levels of PAX5 in breast tissues were standardized to β-actin levels. The primers used were as follows: PAX5-F: TGGCAGGTATTATGAGAC AGG, PAX5-R: CAGGCAAACATGGTGGGATT. β-actin F: GTCTTCC CCTCCATCGTG, β-actin R: AGGGTGAGGATGCCTCTCTT.
Cell culture and transfection
MDA-MB-231 and BT549 cell lines were cultured as previously described. Tumor cells were seeded in 6-well plates at a density of 1x10 5 cells per well. Lipofectamine-2000 (Invitrogen) was used to transfect NEG and PAX5 plasmids. G418 was used to select for PAX5 stably expressing cells 48 hrs post-transfection.
Cell viability assay
Tumor cells were seeded into 96-well plates at a density of 1× 10 3 cells per well. Cell viability was determined at 24 hr, 48 hr and 72 hr time points with 450 nm absolution using a Cell Counting Kit-8 (CCK-8) assay (Beyotime Institute of Biotechnology, Jiangsu, China).
Flow Cytometry assay
MDA-MB-231 and BT549 cells were transfected as previously described. Transfection was stopped after 48 hrs and cells were digested using 0.1% trypsin. Cells were centrifuged at 4°C at 1000 rpm for 5 mins. The pellets were fixed in ice-cold 70% ethanol and stained with propidium iodide. Data were analyzed using the CELL Quest kit (BD Biosciences, San Jose, CA, USA).
Colony formation assay
Stably transfected cells were seeded in 6-well plates at a density of 200, 400 or 800 cells per well. The resulting colonies were fixed in 4% Paraformaldehyde, stained with crystal violet solution and counted under the microscope after 14 days.
Soft agar colony formation assay
Each 6-well plate was lined with a mix of 1 ml of media containing 0.7% low-melting-temperature agarose, 10% serum and 100 µg/ml penicillin and streptomycin. Cells were re-suspended in media containing 0.35% low-melting-temperature agarose, 10% serum and 100 µg/ml penicillin and streptomycin at a density of 1×10 4 cells/ml, and 1 ml of this solution was poured into each well once the bottom agar layer was polymerized. After 10 days, cell colonies ≥50 µm in size were detected and counted on an Axiovert 40 CFL microscope.
Wound healing assay
BT549 stably transfected cells were seeded in a 6-well plate. Once confluent, the cell layer was wounded, washed with PBS, then re-cultured in fresh complete media. Images were acquired following an additional 36 hrs of incubation.
Transwell assay
Cell culture well inserts were set in 24-well plates and coated with basement matrigel (BD Biosciences). Stably transfected cells were starved for 24 hrs and plated on inserts with 600 µl serum-free media. The bottom of the well was filled with 800 µl fresh complete media. After 24 hrs, the cells that passed through the membrane were fixed in 4% Paraformaldehyde, stained with crystal violet solution and detected on an Axiovert 40 CFL microscope.
In vivo tumor model
Stably transfected MDA-MB-231 cells and control cells (5 × 10 6 cells in 0.2 ml PBS) were hypodermically injected into the thigh flanks of female nude mice (aged 6 weeks old, six mice per group). Mice were weighed every 4 days from the 10th day post-injection onwards for 16 days. Mice were sacrificed on day 26 post-injection, and the weight of tumors was measured. The protocols for in vivo animal experimentation were approved by the Committee on the Ethical Use of Animals of the First Affiliated Hospital of Chongqing Medical University.
Immunohistochemistry (IHC)
Tumor tissue obtained from mice was embedded in paraffin. Antigen retrieval was performed by heating sections in Tris-EDTA buffer (pH=9) for 20 min in a microwave oven. Endogenous peroxidase activity was inhibited by incubating sections in 3% H2O2 for 15 min. Non-specific binding sites were blocked for 30 min. Tissue sections were incubated with primary antibodies (PAX5, Ki67, VEGF) overnight at 4°C. Sections were then incubated with secondary antibodies in PBST for 30 min at room temperature. Slides were developed for 5 min with 3-3'-diaminobenzidine (DAB) chromogen and counterstained with hematoxylin. Images were obtained on microscope.
Western blotting
Protein extraction from transfected cells was performed 48 hrs following transfection with a PAX5 plasmid or empty vector control. Cell lysates were then separated by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE), followed by transfer to polyvinylidene fluoride (PVDF) membranes. After blocking with 5% milk in TBST for 1 hr, membranes were incubated with PAX5 primary antibody (Abcam, Cambridge, UK) as well as primary antibodies against p53, p21, p27, cyclin D1, CDK4 (Cell Signaling Technology, Danvers, MA, USA) and VEGF (Abcam). Membranes were then incubated in secondary antibody solution, and immuno-blots were revealed using an enhanced chemiluminescence detection system. GAPDH (Epitomics, Burlingame, CA, USA) was used as a control.
Statistical Analysis
Statistical analyses were performed with SPSS version 17.0 (SPSS Inc., Chicago, IL). A student's t-test was used to analyze the differences in PAX5 expression between breast cancer tissues and surgical margin tissues, and the differences in biological behaviors of PAX5-expressing cells vs. controls. A chi-squared (χ 2 ) or Fisher's exact test was used to determine the correlation between PAX5 methylation status and a given clinical parameter. For all statistical tests, p <0.05 was the cut-off for statistical significance.
Results
PAX5 expression is reduced in breast cancer cell lines by epigenetic regulation
By using the GEPIA online software, we analyzed breast cancer database in TGCA and we found that patients with low expression of PAX5 have less DFS than the patients who have high PAX5 expression (p< 0.05) ( Supplementary Fig 1) , meaning that PAX5 is a potential biomarker for breast cancer outcome.
We first tested the expression of PAX5 in 20 paired breast tumor tissues and adjacent tissues from patients by quantitative RT-PCR (Fig. 1A) . The expression of PAX5 was significantly lower in breast tumors relative to adjacent tissues (p<0.05) (Fig. 1B) . We then determined the expression level of PAX5 in breast cancer cell lines vs. normal breast tissue using semi-quantitative RT-PCR (Fig. 1C) . Compared to breast normal tissues, PAX5 expression was more frequently silenced or reduced in breast cancer cell lines, implicating PAX5 as a potential tumor suppressor gene that is altered in breast cancer.
An MSP analysis revealed that PAX5 was hypermethylated in seven of nine breast cancer cell lines that display little or no PAX5 expression. To further investigate whether the observed downregulation of PAX5 is caused by methylation, we chose two hypermethylated cell lines to perform a de-methylation treatment with the agent Aza, in combination with TSA. PAX5 expression was restored in both two breast cancer cell lines following de-methylation treatment (Fig. 1D) , suggesting that the downregulation of PAX5 in breast cancer is a result of hypermethylation.
PAX5 methylation status in breast cancer tissues is correlated with clinical parameters
In order to study the PAX5 methylation status in breast cancer, an MSP analysis was performed to examine 258 primary breast tumor tissues, 32 breast cancer adjacent tissues and 45 breast normal tissues (Fig 2) . The methylation status of PAX5 in these conditions is shown in Table 1 (7/45) of normal breast tissues, showing a decreasing methylation grade from breast cancer tissues to breast normal tissues. We also examined the correlation between PAX5 methylation status and clinical parameters including age, clinical stage, tumor size, presence of lymph node metastasis, estrogen receptor status, progesterone receptor status, HER2 status, Ki67 status, p53 status. We found that PAX5 methylation status significantly correlated with age, estrogen receptor status (ER), progesterone receptor status (PR).
PAX5 inhibits proliferation by inducing cell cycle arrest in breast cancer cells
Our observation of PAX5 silencing by hypermethylation in breast cancer cells indicated that it may act as a tumor suppressor. We, therefore, examined the influence of PAX5 on tumor cell proliferation by restoring PAX5 expression in two PAX5 silenced cell lines (MDA-MB-231 and BT549). We validated the re-expression of PAX5 in transiently transfected cell lines by RT-PCR and western-blot (Fig. 3A) . A CCK-8 assay revealed that ectopic PAX5 expression led to decreased cell viability at 48 hr and 72 hr time points compared to control vectors in both cell lines (p<0.01) (Fig. 3B) . Additionally, a colony formation assay revealed that colony numbers were markedly reduced to 49% in MDA-MB-231 cells (p<0.01) and 15% in BT549 (p<0.01), relative to control cells (Fig. 3C) . The inhibitory effect of PAX5 on tumor cell proliferation was further demonstrated by a soft agar colony formation assay in MDA-MB-231 cells. The number of resultant colonies (≥50 µm in size) from transient transfected cells was significantly decreased to 15% (p<0.01) relative to control transfected cells (Fig. 3D) .
Additionally, we studied the effect of PAX5 on cell cycle regulation using flow cytometry. 
PAX5 suppresses breast cancer cell migration and invasion
To investigate the effect of PAX5 on breast cancer cell migration, we performed a wound-healing assay. A significant delay in the confluence of wound gaps in PAX5-transfected BT549 cells was detected at 36 hrs, relative to controls (Fig. 4A) . Next, we used a Transwell assay to quantitatively test cell migration and invasion (Fig. 4B) . The number of invaded cells found in PAX5-transfected BT549 cells was dramatically lower relative to controls (p<0.01) (Fig.  4B) . We also found that PAX5 transfected BT549 cells showed a less invasive morphology than control transfected cells (Fig. 4B) . 
PAX5 inhibits breast cancer growth in vivo
To investigate the effect of PAX5 on breast cancer growth in vivo, we injected mice with PAX5-transfected MDA-MB-231 cells and vector-transfected cells. After 26 days, mice were sacrificed and their tumor weights were obtained. We found that both tumor size and weight were dramatically decreased in PAX5-transfected cell injections, compared to controls (p<0.01) ( 5A&5B&5C). To further qualify these results, we also performed immunohistochemistry on histological sections taken from these tumors (Fig. 5D) . We confirmed that the expression of PAX5 in PAX5-transfected MDA-MB-231 tumors was increased relative to control tumors (p<0.01). Interestingly, along with the expression of PAX5, expression of both the proliferation marker Ki67 and VEGF was increased in PAX5-transfected MDA-MB-231 tumors, relative to controls (p<0.01).
PAX5 is involved in cell cycle regulation and VEGF expression
In order to further investigate the mechanism of cell cycle arrest and inhibition of cell invasion induced by PAX5, we performed western blots against known cell-cycle regulators (Fig. 6A) . As p53 is a key regulator of cell proliferation and cell cycle progression, we first examined its expression and found that p53 was more strongly expressed in PAX5-transfected cells relative to controls. We then tested the expression of G0/G1 phase inhibitory factors, and found that the expression of both p21 and p27 was increased in PAX5-transfected cells. We also found that the expression levels of CyclinD1 and CDK4 were decreased in PAX5-transfected cells, performed in parallel to the previous assay (Fig. 6B) .
As VEGF is an important regulator of tumor angiogenesis and metastasis, as well as being down-regulated by p53 [18] , we investigated the effect of PAX5 on VEGF expression level (Fig. 6A) . We found that VEGF expression was decreased in PAX5-transfected cells relative to control transfected cells (Fig. 6B) . Thus, our results demonstrate that PAX5 induces cell cycle arrest and inhibits cellular proliferation and invasion, likely by increasing the activity of cell cycle inhibitors and decreasing the expression of VEGF.
Discussion
We report here that PAX5 is diffusely expressed in normal breast and paracarcinoma tissues, while frequently deleted or reduced in breast cancer cell lines and primary breast cancer tissues. This indicates that PAX5 may play an important role in suppressing breast cancer tumorigenesis. We further observed that the deletion or reduction of PAX5 might be due to aberrant promoter hypermethylation, which was confirmed by methylation specific PCR, and validated with a demethylation treatment assay. However, one breast cancer cell line, SK-BR-3, displayed unmethylated PAX5 along with an absence of detectable PAX5 expression, suggesting that other mechanisms may also contribute to the downregulation of PAX5 in breast cancer. The loss of PAX5 transcriptional activation has been reported in B-Cell Acute Lymphoblastic Leukemia (B-ALL), and was found to be due to either the loss of the PAX5 paired domain or frameshift mutations [19] . We demonstrate here an inhibitory role for PAX5 in breast cancer using both in vitro and in vivo assays. Ectopic expression of PAX5 in two silent cell lines (MDA-MB-231 and BT-549) suppressed cellular proliferation by inhibiting cell viability and colony formation. Other reports have shown contradictory roles for PAX5 in different cancers; PAX5 increases cellular proliferation in neuroblastoma cells [20] , yet decreases proliferation in hepatocellular carcinoma [9] , gastric carcinoma [10] and lung cancer [11] . Thus, PAX5 seems to play differing roles in various tissues, and its effect on malignant multiplication in solid tumors requires further study.
The tumor suppressor p53 is a key regulator of tumor growth, where it exerts its effects by modulating the cell cycle. Swaminathan et al. reported that BACH2 mediates PAX5-dependent tumor suppression in pre-B ALL through the activation of p53 [21] . In the present study, we found that PAX5 in two breast cancer cell lines (MDA-MB-231 and BT-549) is able to promote G1/G0 arrest. Correspondingly, PAX5 is able to increase the expression of p53, p21 and p27. The cell cycle inhibitor p21 has been reported to play a key role in the p53-dependent anti-cancer pathway [22] , and is also a mediator of cell cycle arrest by inhibiting the activity of cyclin-dependent kinase (CDK)-cyclin complexes [23] . Additionally, p27, which belongs to the kinase inhibitor protein (KIP) family (whose members include p21CIP1, p27Kip1 and p57Kip2), induces G1 phase arrest by attenuating cyclin E/CDK2 and cyclin A/CDK2 activity [24] . p53 is also independently capable of inhibiting cyclin D1 promoter activity [25] . As key regulators of the transition from the G0/G1 phase to the synthesis (S) phase, cyclinD1 and CDK4 have already been used as targets in breast cancer treatment [26] . In our study, we found that PAX5 is able to decrease the expression of both cyclinD1 and CDK4.
Furthermore, we found that ectopic expression of PAX5 represses cell migration and invasion in breast cancer cell lines. Recently, VEGF was identified as a migration activator in breast cancer cell lines [27] , and it is known that VEGF is downregulated by p53 via the inhibition of hypoxia-induced Src kinase activity [18] . Previous reports have also shown that PAX5 can attenuate breast cancer cell migration and invasion by inhibiting EMT [15, 16] . In our study, PAX5 is able to inhibit breast cancer cells migration and invasion, likely due to a down-regulation of VEGF. As VEGF is known to be an important activator of cancer angiogenesis [28] , the role of PAX5 in angiogenesis should be the subject of further investigation.
In this study, we not only demonstrate a role for PAX5 in breast cancer progression, but also show that the methylation status of PAX5 is associated with several clinical parameters of breast cancer. First of all, A decreasing methylation grade of PAX5 was found from breast cancer tissues to breast normal tissues, suggesting that PAX5 methylation has a role in breast tumorigenesis. Most interestingly, PAX5 methylation status statistically correlates with the ER and PR which two are already applied in determining of endocrine therapy of breast cancer. There is a rising fact that ER and PR also important for the breast cancer molecular subtype classification and breast cancer molecular subtypes were already reported to be associated with breast cancer prognosis in several studies [29, 30] and breast cancer chemoresistance [31] . Thus, further investigation into the role of PAX5 methylation in different breast cancer subtypes is required to determine any direct link to cancer prognosis or cancer chemoresistance.
In conclusion, our study demonstrates that PAX5 plays a role as a tumor suppressor in breast cancer, and that the methylation status of PAX5 significantly correlates with several clinical features including age, estrogen receptor status, progesterone receptor status. Together, this indicates that PAX5 may serve as a potential breast cancer biomarker.
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